Gas hydrate drilling results show that gas hydrate has a close relationship with strong bottom-simulating reflectors (BSRs) identified from seismic data in the Baiyun sag, South China Sea. The BSRs observed on seismic profiles at the crests of submarine canyons indicate the likely existence of gas hydrate. We calculate the acoustic impedance using constrained sparse spike inversion (CSSI), the interval velocity, and the seismic reflection characteristics such as reflection strength, instantaneous frequency, blanking, and enhanced reflection to demonstrate the presence of gas hydrate. Higher acoustic impedance and P-wave velocity were identified above the BSR. A remarkable low impedance, low frequency, and acoustic blanking indicated the presence of gas below gas hydrate stability zone. The occurrence of gas hydrate at the crests of canyons suggests that the abundance of gas hydrate in Baiyun sag may be due to the migrating submarine canyons providing the structural reliefs and the topographic ridges.
Introduction
Gas hydrates are ice-like crystalline solids and are composed of water molecules and hydrocarbon gas (usually methane). They are distributed worldwide in the continental margin sediments and beneath permafrost [1, 2] . Bottom simulating reflectors (BSRs) identified from seismic reflection profiles are conventionally interpreted as indicators for gas hydrate beneath seafloor [3] . Gas hydrates-associated BSRs have been recognized from the seismic data of other geophysical studies, and their presences have been validated by drilling or coring either in accretionary wedges [4] [5] [6] [7] or in the continental margin of the world [8] [9] [10] [11] . The Hikurangi Margin, east of New Zealand's North Island, is a large marine gas hydrate province. The BSRs were identified on the multichannel seismic data and there is a strong correlation between BSR strength and geological features indicating the fluid migration [12, 13] . Geophysical parameters show that gas hydrate-bearing sediments have high elastic impedance, high P-impedance, and high P-wave velocity; and the sediments containing free gas have low elastic impedance, low P-impedance, and low P-wave velocity [14] . The anomalous velocity and the variation in amplitude and polarity of reflectors at the base of gas hydrate-bearing stability zone were used to indicate the presence of gas hydrate [15, 16] . The acoustic impedance inversion of seismic data, log to seismic correlation, and seismic attribute analyses were combined to delineate gas hydrate zone [17] .
In China, eight sites were drilled in 2007 in Shenhu area, Pearl River Mouth basin (PRMB), the northern slope of South China Sea [18] . Gas hydrate samples were recovered from pressure cores at sites SH2, SH3, and SH7 in silt and silty-clay sediments with a maximum value of 47% of pore space. High-resolution multichannel 2D and 3D seismic surveys have been carried out for gas hydrate resource studies in the northern SCS. BSRs have been identified in the Xisha Trough [19] , Qiongdongnan (QDN) Basin [11] , in Pearl River Mouth basin (PRMB) [20] and in the Taixinan Basin of the northern SCS [21, 22] . In the PRM basin, modern submarine canyons have been identified, which are sublinear, subparallel, regularly-spaced extending from the shelf-break at 450 m water depth to their terminations at 1500 m water depth on the north flank [23] . These canyons have lengths of 30-60 km and have widths of 1-5.7 km, while the relief ranges from 50 to 300 m. Gas hydrates have been drilled in higher relief of the ridges in one of the canyons in 2007. Highamplitude anomalies or bright spots have been observed in the Miocene sequences on the seismic profiles in the deep-water areas [24] . Faults and gas chimneys acted as pathways for upward migration of gas from source rocks to the shallower sediments [25] .
The main objective of this study is to use the Pimpedance profile obtained from Constrained Sparse Spike Inversion (CSSI) and geophysical attributes computed from 3D seismic data to show the presence of gas hydrate.
Geological Setting
The SCS is the largest marginal sea in the western Pacific and covers an area of 3.5 × 10 6 km 2 [27] . PRMB and QDN basins located on the northern slope of SCS are Cenozoic rift basins developed on Mesozoic basement, and gas hydrates have been drilled in this basin ( Figure 1 ). The structural evolution of basins can be divided into two stages: an Eocene-Oligocene rift and a Neogene-Quarternary postrift thermal subsidence [24] . In response to the structural evolution, the sedimentary deposition environment changed from paleolakes in the early stage to an open-marine setting in the late stage. The Wenchang and Enping formations in this basin are the source rocks of the Eocene rift stage with a total thickness of 3000 m. During the postrifting stage, the SCS entered into a period of subsidence. The thickness of marine facies in this stage came up to 6000 m because Baiyun sag located at the downdip direction of paleo-Pearl River and the sea level decreased. In the QDN basin, the Yacheng Formation was deposited during the early Oligocene consisting mainly of neritic mudstones and coastal plain coal-bearing strata which was the main hydrocarbon source rock in this basin [25] .
The SCS has the favorable temperature and pressure condition for the formation of gas hydrate. The water depth ranges from 150 to 3700 m. The QDN basin is characterized by the geothermal gradients with the values of 39-41
• C/km and high sedimentation rates (up to 1.2 mm/yr). The average geothermal gradient in the PRM basin is about 36
• C/km. However, it goes up to 67.7
• C/km in the gas hydrate drilling zone from the in situ temperature measurement [26] .
Seismic Data and Methods

Data.
The seismic line A and line C were collected in 2006 with the following a 3000-m long streamer with 240 channels (trace interval 12.5 m) and a tuned airgun source with a total volume of 8 × 20 inch 3 shooting every 25 m. The seismic processing sequences mainly include prefiltering, true amplitude recovery, noise attenuation, deconvolution, velocity analysis (first), residual statics, velocity analysis (second), multiple attenuation, DMO velocity analysis, DMO stack, and noise attenuation. The seismic line B is one of the 3D seismic data with the same location of seismic line A. The seismic data were acquired by the single-source and single-streamer method using the influence of ocean current on the cable so that the dense 2D seismic data can form one overlap. As the azimuth angle is narrow and the aim layer is shallow, the processing method is quite different from the traditional 3D seismic processing. The true amplitude, noise attenuation, and deconvolution were used to emphasize the characterization of gas hydrate. The data were processed with a bin spacing in the in-line and cross-line directions of 12.5 m and 25 m, respectively [28] .
Constrained Sparse Spike Inversion (CSSI).
Acoustic impedance is obtained from the product of density and seismic velocity, so it can be defined as a layer property and not as an interface property. The acoustic impedance can be directly related to porosity, lithology, and permeability. Although seismic data can be interpreted on its own without inversion, but this does not provide the most detailed view of the subsurface and can be misleading under certain conditions. Seismic inversion has been used for several decades in the petroleum industry. Seismic inversion methods have progressed from the initial recursive inversion to present software package available to transform band-limited seismic traces to impedance traces. Stochastic seismic inversion combined the seismic and log data to derive the vertical resolution from the log data [29] . Constrained sparse spike inversion (CSSI) is based on seismic data and low-frequency impedance information obtained from well data. Although strictly speaking this technique does not depend on well data, the precision of the results does depend somewhat on the number of wells used. The inversion of seismic data to obtain acoustic impedance for the Baiyun sag was performed with the CSSI package of Jason Geosystems, which involves the following stages.
(1) Wavelet is estimated by using seismic and pseudowell data at the arbitrary CMP. We first create the Ricker wavelet and then we make synthetic seismogram at different locations. The input wavelet was the scaled average wavelet based on different wells. (2) The low-frequency information is constructed by using the EarthModel model generator. The trace gate, solid model created using the interpreted horizons and structural information, and the interpolation method of natural neighbour were chosen to generate the low frequency impedance data. (3) The bandpass P-impedance data are obtained by choosing the sparse spike parameters such as weighting factor in the inversion process. (4) Last, the lowfrequency model is merged with the band pass P-impedance.
CSSI determines the acoustic impedance within prescribed constraints by minimizing the objective function
at time i, where r i is the reflection coefficient, d i the recorded seismic trace, s i the synthetic trace, p and q empirically determined exponents, and λ the data mismatch weighting factor. The match between output impedance and seismic data is determined by λ. If λ is lower than the "true" value, then the match between the synthetic trace and the recorded seismic data worsens and the output impedance is very approximate. As λ approaches its "true" value, the match improves and the output impedance provides a better description of the physical properties of the sediment. The factors p (reflectivity norm) and q (seismic mismatch norm) are 1 and 2 by default, respectively. The value of λ is optimized for signal-to-noise, correlation misfit, seismic misfit, and reflectivity misfit. For the inversion of seismic line, we used λ = 13, p = 1, and q = 2.
Seismic Attributes.
Seismic attributes like instantaneous frequency, instantaneous phase, blanking, and reflection strength have been used to identify gas hydrate from seismic data [30] [31] [32] . The Variance Cube operation was used to highlight faults and subtle stratigraphic features in a 3D seismic volume. In the output cube, incoherent (high amplitude) areas are displayed in high contrast (black). In the Seis 3DV, the output variance cube can be shown the inline or crossline profile and compared it with the seismic profile. As the 3D seismic data is pseudo-3D seismic data, we calculated the coherence in larger window length and we compare it with the seismic profile. The output values vary between 0 indicating the worst, and 1 indicating the best.
The instantaneous frequency is a time or depth derivative of the instantaneous phase and a measure of the frequency of the waveform at every sample. It is independent of reflection magnitude, weak events, and noise, which are all equally weighted in display. The minimum and maximum frequencies can be given in the output. The instantaneous frequency attribute is considered a good tool for lateral seismic character correlation. Oil and gas may preferentially attenuate higher frequencies so a low instantaneous frequency anomaly has been used to predict conventional hydrocarbons accumulations in the oil industry.
The reflection strength is simply an expression of the amplitude envelope of the seismic trace and is independent of phase. It shows the total energy of the seismic signal and has the maximum value at point other than the peak or trough of the real trace, especially when the event is the composite of several reflections [28] . The reflection strength depends on the contrast of acoustic impedance. The strong reflection indicates the apparent changes in the seismic impedance contrast.
Results
Geophysical Attributes.
One reflector is located at about 280 ms of two-way travel time below seafloor, which has the reversed polarity compared with the seafloor in seismic line A (Figure 2) . Blanking is the reduction of amplitude of the seismic reflection, which appears to be caused by the presence of gas hydrate. Amplitude blanking is identified above this reflector. On the upper slope within the Baiyun sag, this reflector and associated amplitude anomalies are relatively indistinct comparing to the ridge crest. Enhanced reflections are identified in the shallow sediments. Below this reflector of the crest, the down-warped reflectivity may be related to the presence of focused or concentrated gas. This anomaly is interpreted as a reduction of the seismic velocity (pull-down effect) through a gas-charged column. The acoustic impedances above this reflector range from 
3.5×10
6 to 4.5×10 6 kg/m 3 ·m/s, which have higher impedances than the sediments of water-saturated zone indicating the presence of gas hydrate above this reflector. Below it, lower impedance indicates the presence of free gas.
Seismic line B is one of the inline of 3D seismic data which is parallel to seismic line A (Figure 1 ). We put them together to obtain more seismic attributes and to show the evidence of gas hydrate in this region from seismic profile. The reflector of seismic line B is more continuous than that of seismic line A. Seismic line B shows the reflectors clearly in the several zone where they are wipe-out reflection or lower amplitude in seismic line A. However, the pulldown effect and enhanced reflection below the reflector of reversed polarity to seafloor are more prominent in the seismic line B profile (Figure 3(a) ). The coherence profile can show the faults and the chaotic reflection below the bright spots (Figure 3(b) ). Figure 3(c) shows the reflection strength for the seismic line B. Blue and red show the amplitude anomalies with low and high amplitudes, respectively. The blanking zone in the seismic profile and the coherence is better, which may be caused by the cementation of gas hydrate. The instantaneous frequency profile in Figure 3(d) shows the high frequencies in red and the low frequencies in green. The lower instantaneous frequency may be caused by the presence of free gas. The frequency indicates that the attenuation in free gas-bearing sediment is higher than that of gas hydrate-bearing sediments.
P-Wave Velocity.
Geophysical attributes show an indictor of the presence of gas hydrate in seismic lines A and B. The direct indicator of gas hydrate is the study of the anomalies in the P-wave velocity above and below BSR. Higher velocities should be associated with gas hydrate and lower velocities should be associated with free gas. Figure 4 shows the CMP gather in Figure 3 
Seismic Facies of Canyons.
Seismic line C passed through site SH2 ( Figure 5 ). BSRs identified in the Baiyun sag are stronger at the ridges of submarine canyons than those of the canyons axes. Seismic profile shows that canyon walls abruptly terminate surrounding sub-parallel-bedded, inclined reflections which are interpreted as progradational deposits.
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The submarine canyon near site SH2 was interpreted to show the migration of the canyon. It has been referred that the thalwegs of the submarine canyons are progressively offset toward the northeast from the middle Miocene to present [23] , which also was identified in Figure 5 . Each cycle of the canyon is marked by a basal erosional discontinuity (BED) at the base. The thalweg deposits (TD) are overlain by a lateral inclined package (LIP) and are marked by lens-shaped, parallel, high amplitude, continuous reflections that onlap basal erosional discontinuities. Canyon margin deposits consist of continuous reflections with high amplitude, and truncated by basal erosional discontinuities. Gas chimneys are identified below crests of submarine canyons and are characterized vertical disturbances in seismic data and low seismic amplitudes, which are interpreted to be associated with the upward migration of free gas ( Figure 5 ). Gas chimneys and the erosion of migrating submarine canyons acted as major pathways for gas migration. Bright spots shown below the base of gas hydrate stability (BGHS) indicate that the occurrence of gas hydrate decrease the permeability of the sediments. Gas was trapped below the gas hydrate stability zone, which has been identified from the low acoustic impedance in seismic line A (Figure 2(b) ).
Conclusion
Gas hydrates have been identified by the gas hydrate drilling exploration at the Shenhu area, Baiyun sag, Pearl River Mouth basin, South China Sea. Another gas hydrate province was identified at the adjacent canyon by using new seismic data and seismic attributes. Amplitude blanking, high acoustic impedance, high frequency and enhanced reflections identified from the 2D and 3D seismic profiles at about 280 ms of two-way travel time below seafloor were caused by the presence of gas hydrate. The reflector that is subparallel to the seafloor and cuts across the strata is the BSR. The acoustic impedance profile has lower impedance below it. A strong reflection at the BSR was observed in the reflection strength profile, and low frequencies were seen below the BSR from the instantaneous frequency profile. These anomalies suggest the presence of free gas below the BSR. The distribution of BSRs has a close relationship with the submarine canyons and gas chimneys. Prominent and strong BSRs exist in the crests of the migrating submarine canyons in the middle of Baiyun sag. Few BSRs are found in the axes of these canyons, which are controlled by the geological setting in this basin.
